Introduction
Regulation of apoptosis by growth factors and cytokines is critical to maintain health and avoid neoplastic disease. During development and in adulthood, excess and unwanted cells are removed when cells that do not receive sufficient growth factor signals activate their death program by default 1 . On the other hand, the ability of a mutant cell to survive in the absence of growth factors is an important step leading to its malignant transformation. Loss of cytokine signalling results in cell death by a mechanism characterized by activation of caspases that is regulated by the Bcl-2 family of proteins 2, 3 . Some members of the Bcl-2 family, such as Bcl-2 and Bcl-xL, can prevent apoptosis induced by withdrawal of growth factor when over-expressed 3, 4 . Bax and Bak, on the other hand, are pro-apoptotic Bcl-2 family members, and deletion of both renders cells highly resistant to apoptosis following growth factor withdrawal 5, 6 , emphasizing the pivotal role these proteins play in this pathway.
Bad, Bim, and Puma belong to a third, pro-apoptotic sub-group of the Bcl-2 family which share homology only in a BH3 domain, the so-called BH3-only proteins. These proteins promote apoptosis when over-expressed 7, 8 probably by antagonizing the pro-survival anti-apoptotic Bcl-2 family members 9 .
Regulation of cell survival by cytokines has often been studied in interleukin-3 (IL-3) dependent hematopoietic cell lines such as FDC-P1, FL.5 and Ba/F3 cells [10] [11] [12] . Several studies have implicated the BH3-only protein Bad as an important mediator of apoptosis following IL-3 withdrawal. When phosphorylated by kinases such as AKT, Bad binds to
For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From the tau form of 14-3-3 protein 13, 14 . In the absence of IL-3, unphosphorylated Bad is able to bind to, and inhibit, Bcl-xL 11, 15 , suggesting this is the mechanism by which cytokines regulate survival of hematopoietic cells. Consistent with this model, experiments using specific kinase inhibitors indicated that the PI3 kinase pathway that activated AKT is responsible for phosphorylation of Bad in response to signals from IL-3 receptors 11, 15 .
The BH3-only protein Bim has also been implicated in signalling cell death following cytokine withdrawal, because increased numbers of hematopoietic colonies grew when cytokines were restored to bone marrow cultures from Bim -/-mice, compared to bone marrow cultures of wild-type mice 16 .
Puma, on the other hand, was first identified as a BH3-only protein that is transcriptionally regulated by p53 8, 17, 18 . However, deletion of Puma also confers resistance to apoptosis in response to some p53 independent apoptotic stimuli. For instance, thymocytes from Puma -/-mice are resistant to apoptosis induced by growth factor deprivation or treatment with dexamethasone or phorbol ester and not only apoptosis induced by gamma irradiation. Moreover, myeloid progenitors from Puma -/-mice survive longer in culture in the absence of cytokines than do those from wild type mice 19, 20 .
To determine the importance of these BH3-only proteins in IL-3 withdrawal induced apoptosis, we generated multiple IL-3 dependent cell lines from mice lacking Puma, Bad,
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Cells lacking both Bax and Bak showed no signs of death when cultured in the absence of IL-3, as previously reported 6 , but, surprisingly, only loss of the BH3-only protein Puma, but not loss of Bad and/or Bim, allowed clonogenic survival after IL-3 deprivation. We were unable to demonstrate a significant role for Bad, or for changes in Bad phosphorylation, in IL-3 survival signalling, nor any role for Bim in regulating Bax translocation to mitochondria. Furthermore, because PI3 kinase inhibitors promoted apoptosis both in the presence and absence of IL-3, most if not all of the survival signals from IL-3 receptors appear to be independent of the PI3 kinase axis.
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Materials and Methods

Cell lines
IL-3 dependent (factor-dependent myeloid (FDM)) cell lines were generated by coculturing E14.5 fetal liver single cell suspensions with fibroblasts expressing a HoxB8 retrovirus in the presence of high levels of IL-3, as previously described 21 Assays for cell viability assays, clonogenic survival and cytochrome c staining.
IL-3 was removed by washing cells three times in PBS and then culturing cells in DMEM with 10% FCS with or without IL-3. Viability was determined by staining cells with FITC-coupled Annexin V (produced in one of our laboratories) in balanced salt solution including 5 mM CaCl 2 and propidium iodide (1µg/ml) followed by flow cytometric analysis (Becton Dickinson). Q-VD-Z-OPh (Imgenex) was made up as a stock solution in DMSO at a concentration of 10 mM and used at a final concentration of 100 µM.
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After 21 days the number of colonies were counted and expressed as a percentage relative to the number of colonies generated per 1000 cells plated immediately before culture without IL-3 (days IL-3 withdrawal = 0). For example, if a clone generated 200 colonies/1000 cells plated at day 0 and 50 colonies/1000 cells after culture without IL-3 for 1 day, the relative clonogenicity at day 0 was 100% and 25% at day 1. At least 3 independent clones of each genotype were used in each experiment. To test the requirement for the BH3-only proteins Bad, Bim and Puma for apoptosis in response to IL-3 withdrawal, we generated immortalized IL-3 dependent lines from mice lacking these genes, or combinations of these genes. Multiple independent lines were generated by co-culturing E14.5 fetal liver cells with cells producing a HoxB8 retrovirus as previously described 21 . Bax -/-;Bak -/-cells can survive for many weeks in the absence of growth factor, during which time they cease cycling, their metabolic activity declines, and while their mitochondrial transmembrane potential is retained, its level is reduced 6 . To determine whether mitochondrial membrane potential is lost following IL-3 withdrawal in the mutant cell lines we stained growth factor starved cells with the carbocyanine dye DiOC 6 (3) that fluoresces in proportion to mitochondrial membrane potential 25, 26 ( Figure 2D and 2E 
Bax translocation is not dependent on Bad or Bim but is delayed by loss of Puma
Following growth factor withdrawal, Bax translocates from the cytosol to mitochondrial membranes [27] [28] [29] . 
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To determine the effect IL-3 deprivation had on binding of Bcl-xL to Bax or Bak we immunoprecipitated Bcl-xL from the mitochondrial fraction of lysates from FDC-P1 cells grown in the presence or absence of IL-3 ( Figure 4A ). Bcl-xL was able to immunoprecipitate Bak but not Bax, and less Bak remained bound to Bcl-xL following IL-3 withdrawal. These observations indicate that loss of Bak-Bcl-xL binding may be critical for IL-3 withdrawal-induced apoptosis.
To determine whether Bcl-xL binding to Bak was altered in the absence of Puma, we immunoprecipitated Bcl-xL from the mitochondrial fraction of lysates from wild type,
Puma
-/-and Bad -/-;Bim -/-cells cultured in the presence or absence of IL-3 ( Figure 4B ). It has been reported that IL-3 promotes cell survival by stimulating PI3 kinase/AKT phosphorylation of Bad on serine residues S112, S136 and S155, because the It has also been suggested that IL-3 promotes survival by causing other kinases such as Pim1/Pim2, p21-activated kinase or MEK, to phosphorylate Bad on residues 112, 136, and/or 155 11, [35] [36] [37] [38] [39] . To study regulation of Bad phosphorylation by IL-3, we probed lysates Figure 5E ). Neither removal of IL-3 nor addition of Ly294002 had dramatic effects on the amount of Bad phosphorylation on S112 or S136.
Puma mRNA and protein levels are increased following IL-3 withdrawal. 
Discussion
IL-3 dependent cell lines from gene-deleted mice were generated to test the requirement for several BH3-only pro-apoptotic Bcl-2 family members in the regulation of cell survival and death by IL-3. Cells lacking both Bax and Bak were highly resistant to cell death caused by removal of IL-3, indicating that these multi-BH domain pro-apoptotic Bcl-2 family members are required for cell death following cytokine removal. Since BH3-only proteins are known to be essential for apoptosis initiation upstream of Bax and Bak 40 , we reasoned that after ligand is removed from the IL-3 receptors, one or more BH3-only proteins are triggered. We first tested the requirement for Bad, since many reports have implicated it as a key mediator of cytokine withdrawal-induced death 11, 14 .
Although Craddock et al. 44 . We also found that Ly294002 could promote apoptosis in the absence of Bad, Bim or Puma, and in the presence or absence of IL-3. This suggests IL-3 receptor survival signalling and PI3 kinase survival signals are separable, that neither depend on Bad or Bim and that PI3 kinase is primarily involved in IL-3-induced cell proliferation.
Thirdly, while we could not demonstrate a role for Bad in apoptosis induced by IL-3 withdrawal, we found that Puma plays an important role in this pathway, as it does in p53 dependent and independent pathways in other cell types [18] [19] [20] . 
